: Pancreas transplantation in streptozotocin diabetic rats g \ J. Clin. Chem. Clin. Biochem. Vol. 20,1982, pp. 81-84 Summary: The failure of pancreas transplantation to normalize plasrna glucagon concentration and insulin: glucagon balance in portal blood has recently been demonstrated on streptozotocin-diabetic rats. The same experimental model was used in the present study to examine the effect of pancreas transplantation on liver carbohydrate metabolism. Twenty weeks after pancreas transplantation, the left hepatic lobe was removed for studies of several glycolytic and gluconeogenic enzymes. Livers from nontransplanted diabetic rats showed decreased activities of glycolytic enzymes and enhanced activities of gluconeogenic enzymes. In recipients of pancreas transplants, however, the activities of glycolytic and gluconeogenic enzymes did not differ from those observed in normal control rats.
Introduction
activities of hepatic enzymes governing gluconeogenesis -The liver is of central importance ih cärbohydrate metaband ' 00^18 ( 4~7 )· olism, and insulin and glucagon are considered two of Earlier studies on pancreas transplantation have demonthe major hormonal controls of hepatic glücose metabstrated sufficient insulin release from the transplant to olism, on which they exert opposing actions (l , 2). The restore normoglycaemia and normal glücose tolerance effect of both hormones involves changes in synthesis in streptozotocin-diabetic rats (8) . However, the hyperand degradation of enzymes in the rrietabolic pathways ghicagonaemia of untreated diabetic rats is apparently of glücose production and metabolism. Insulin deficiency not influenced by the transplantation, and the insulin induced by streptozotocin or alloxan is associated with to glucagon ratio in portal blood of pancreas recipients hyperglucagonaemia (3) and well defined changes in the is significantly decreased (9) .
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By measuring the activities of several glucoregulatory hepatic enzymes, the present study was undertaken to examine the extent to which the pancreas transplant may normalize diabetic alterations of hepatic gluconeogenesis and glycolysis,
Materials and Methods

Animals
Inbred male Wistariats were used (Kyoto/Nih, from Mtfllegaards Breeding Centre, Denmark). They were fed commercial rat pellets and water ad libitum. At about three months of age, diabetes was induced by streptozotocin, 65 mg/kg body weight, given äs a single intravenous injection. 2-4 weeks later, diabetic rats with stable blood glucose levels above 17 mmol/1 were randomly divided into 2 groups: One group was used äs diabetic controls while the other group received duct-ligated pancreas transplants. A third group of healthy litter mates seived äs non-diabetic controls.
Procedures
The pancreas transplants were anastomosed to the abdominal aorta and inferior caval vein äs previously described (8) . Blood glucose concentrations and body weights were recorded monthly. Twenty weeks after transplantation, the animals were killed for hepatic enzyme studies. Foliowing a 14-16 h fast they were anaesthetized with sodium pentpbaibitai, 50 mg/kg body weight, given intraperitoneally. The left hepatic lobe was removed, chiiled on ice, weighed and stored at -70 °C. Blood samples for determination of immunoreactive insulin and glucagon were drawn from the aorta. The samples were collected in heparinized glass tubes chiiled in ice water. They were centrifuged at + 4 °C and stored at -20 °C until analysed.
Assay methods Blood glucose was analysed by a glucose oxidase/peroxidase method adapted for the Auto-analyser (10). Insulin was determined in duplicate assays by the method of Haies & Rändle (11) with a kit from the Radiochemical Centre, Amersham.
All glucagon samples were assayed in triplicate by the method of Heding (12) . The reagent kit (antiserum K 5563) was obtained from Novo Research Institute, Bagsvaerd, Denmark.
Enzyme activities were determined by kinetic semimicro methods (total volume 1000 ) in 1-250 of liver supernatant. Liver supernatant was prepared from 25 g/l liver homogenate (Ultra Turrax®) in 0.15 mmol/1 KC1/2.6 mmol/1 EDTAby centrifugation at 28 000 g for 10 min. Glucose-6-phosphatase, however was determined in whole homogenate.
Assay conditions weie äs indicated by the reference numbers:
Lactate dehy drogenase (EC 1. 
Statistical method
Student's t-test was used to test statistical significance. The limit of significance was set to p < 0.05.
Results
The untreated, diabetic rats remained severely hyperĝ lycaemic, and their rnean body weight when sacrificed, was about half that of cpntrol rats (tab. 1). In cpntrast, the recipients of pancreas transplants were normö-glycaemic and had the same body weight äs the controls. Liver weight, expressed äs fraction of body weight,, was higher for diabetic rats than for controls (p < 0,001), while recipient livers did not differ in weight from control livers. Liver protein and DNA concentrations were similar in all three groups of rats (tab; 1). To minimize variances due to differences in liver weight, enzyme ac* tivities were expressed äs units per g protein.
Pancreas hormones
The plasma insulin concentration found in diabetic rats was significantly (p < 0.01) below control valües, while re P resent determinations in four monthly intervals. **p<0.01, *** p < 0.001 vs. controls. glucagon was increased by almost 60% (p < 0.05). Recipient plasma insulin was significantly (p < 0.05) higher than in control rats, and glucagon was raised to the same extent s in diabetic rats (tab. 1).
Glycolytic enzymes
Pyruvate kinase and glycerol 3-phosphate dehydrogenase were significantly (p < 0.001) decreased in the diabetic rats. The mean values for lactate dehydrogenase and glucokinase activities were also decreased, but this did not reach statistical significance. Following pancreas transplantation, the previously decreased glycolytic enzyme activities rose to control values. Only glucokinase tended to remain at a low level in several rats. Hexokinase and fructose-6-phosphate kinase activities were equal in all three groups of rats (tab. 2).
Gluconeogenic enzymes
The activities of all gluconeogenic enzymes analysed were enhanced in diabetic rats compared with nondiabetic controls (not statistically significant for phosphoenol pyruvate carboxykinase) (tab. 2). Twenty weeks after pancreas transplantation, all enzyme activities were decreased to values equal to those of control rats.
Pentose phosphate pathway enzyme Glucose-6-phosphate dehydrogenase, measured s an indicator of the pentose phosphate pathway rate, showed no difference in activity between diabetic, recipient and control rats (tab. 2).
Discussion
The alterations of hepatic glucoregulatory enzyme activities observed in the chronic streptozotocin diabetic rats are in agreement with previous reports on the effects of alloxan and streptozotocin induced insulin deficiency (4-7). Some unexpected small or non-significant differences frorn normal enzyme activity may be due to the effect of short term starvation, which in diabetic animals has been shown to restore enzyme activities toward normal (5). In accordance with earlier studies (23, 24) , heterotopic pancreas transplantation was followed by peripheral hyperinsulinaemia and normogjycaemia, whereas the diabetic hyperglucagonaemia apparently was unaffected (tab. 1). Twenty weeks after pancreas transplantation, the gluconeogenic and glycolytic hepatic enzyme activities did not differ from those of healthy control rats (tab. 2). Hexokinase activity, which is insulin independent (25), was not affected by induction of diabetes or by pancreas transplantation.
In acute experimental diabetes, restoration of gluconeogenic and glycolytic enzyme activities toward normal has been observed in vitro and in vivo following insulin adrninistration (4, 26, 27) . However, unphysiologically high doses of insulin are required to restore normal glucokinase activity (28) and reduce gluconeogenic enzyme activities to normal in chronic (14 days) alloxan diabetic rats (4). This has been attributed to the extraportal route of insulin administration and to the opposing action of glucagon in the chronic diabetic and hyperglucagonaemic animals.
Reports on the effect of pancreas islet transplantation on hepatic metabolism are sparse.Mzgra// et al. (29) Tab. 2. Activities of hepatic glucoregulatory enzymes 20 weeks after pancreas transplantation. The peripheral hyperinsulinaemia observed in the pancreas recipients of the present study may be ascribed to the extraportal release of insulin from the transplant, directly into the systemic circulation. The portal concentrations of insulin and glucagon were examined in a separate study, vvhich demonstrated a significantly decreased portal insulin to glucagon ratio in recipients of heterotopic pancreas transplants (9) . The important role of glucagon in the regulation of hepatic carbohydrate metabolism has been demonstrated in numerous in vivo and in vitro studies (27, 31) , and a significant correlation between the relative concentrations of insulin and glucagon in portal blood and the glucose productiori rate has been reported (31) . However, results of sustained infusions of glucagon have indicated a transient effect of this hormone on hepatic metabolism (32) .
The results of the present study show that the heterotopic pancreas transplant restores normal Kepatic glu* coneogenie and glycolytic activities in chronic streptozotocin-diabetic rats despite chronic hypeirglucagonaemia.
The results support the Suggestion that glucagon has only an evanescent effect on hepatic metabolism when sufficient insulin is available.
